Proliferation and fusion of myoblasts is a well-orchestrated process occurring during muscle development and regeneration. Although myoblasts are known to originate from muscle satellite cells, the molecular mechanisms that coordinate their commitment toward differentiation are poorly understood. Here, we present a novel role for the transcription factor Forkhead box protein C2 (Foxc2) in regulating proliferation and preventing premature differentiation of activated muscle satellite cells. We demonstrate that Foxc2 expression is upregulated early in activated mouse muscle satellite cells and then diminishes during myogenesis. In undifferentiated C2C12 myoblasts, downregulation of endogenous Foxc2 expression leads to a decrease in proliferation, whereas forced expression of FOXC2 sustains proliferation and prevents differentiation into myotubes. We also show that FOXC2 induces Wnt signaling by direct interaction with the Wnt4 (wingless-type MMTV integration site family member-4) promoter region. The resulting elevated expression of bone morphogenetic protein-4 (Bmp4) and RhoA-GTP proteins inhibits the proper myoblast alignment and fusion required for myotube formation. Interestingly, continuous forced expression of FOXC2 alters the commitment of C2C12 myoblasts toward osteogenic differentiation, which is consistent with FOXC2 expression observed in patients with myositis ossificans, an abnormal bone growth within muscle tissue. In summary, our results suggest that ( Muscle satellite cells are resident stem cells localized between the basal lamina and the sarcolemma of myofibers. During postnatal development, these satellite cells provide myonuclei for growth of skeletal muscle. In adult skeletal muscles, satellite cells comprise 1-4% of myofibers and remain quiescent 1,2 unless involved in homeostasis, hypertrophy or muscle repair at which time they become activated, proliferate and produce the myoblasts needed to replace or repair myofibers.
Muscle satellite cells are resident stem cells localized between the basal lamina and the sarcolemma of myofibers. During postnatal development, these satellite cells provide myonuclei for growth of skeletal muscle. In adult skeletal muscles, satellite cells comprise 1-4% of myofibers and remain quiescent 1,2 unless involved in homeostasis, hypertrophy or muscle repair at which time they become activated, proliferate and produce the myoblasts needed to replace or repair myofibers. 2, 3 Deregulation of factors involved in the maintenance of muscle homeostasis and in the differentiation of muscle precursors can lead to a variety of pathologic conditions, including muscular dystrophies and myositis ossificans or heterotopic ossification. 4, 5 The role of muscle satellite cells in the pathology of these disorders is not well understood. Identification of key regulators and elucidation of the processes involved in satellite cell activation and differentiation could provide important insights into the etiology, treatment and/or prevention of muscle disorders.
Recent studies have shown that bone morphogenetic proteins (BMPs) are important in the activation and proliferation of muscle satellite cells, and in the prevention of premature myogenic differentiation. 6, 7 BMPs are members of the transforming growth factor-b (TGF-b) family that initiate signaling by binding to transmembrane type-1 and type-2 BMP receptors (BMPRs). Upon ligand binding, transphosphorylation of type-1 by type-2 receptors activates the receptor-regulated Smad (Sma and Mad-related protein) transcription factors (R-Smads) -Smad1, Smad5 and Smad8 (pSmad1/5/8) -to assemble with Smad4 and translocate to the nucleus. These Smad complexes control the transcription of several regulatory elements, including some of the inhibitor of differentiation (Id) proteins. Binding of these Id proteins to ubiquitously expressed E-proteins prevents the activation of the muscle-specific transcription factors myogenic differentiation-1 (MyoD) and myogenin, and impedes myogenic differentiation. 8 Previous studies have shown that intracellular BMP signaling through BMPR-1A is highly elevated in proliferating satellite cells and the effect of stimulating BMP signaling with the addition of BMP4 results in an increased number of activated satellite cells and a decreased number of differentiating myoblasts. 7 Although Bmp4 has been specifically shown to be important in regulating myogenic and osteogenic progenitor cells that reside in skeletal muscle, 6, 9, 10 the factors that regulate Bmp signalling during muscle regeneration have yet to be identified.
The Wnt signaling pathway has also been implicated in maintaining the satellite stem cell pool. 11 Wnt signaling is inhibited by myostatin, another member of the TGF-b superfamily and a major inhibitor of skeletal muscle growth. Elevated levels of the Wnt4 (wingless-type MMTV integration site family member-4) ligand have been observed in mice lacking myostatin and in vitro studies have shown that Wnt4 overexpression stimulates muscle satellite cell proliferation in vitro. 12 Since binding of the Wnt ligand to its receptor can activate signaling via b-catenin (bC)-dependent or bCindependent pathways, it can affect the regulation of diverse cellular processes, including muscle satellite cell determination, proliferation and differentiation. 13 Cross-talk between the TGF-b/Bmp and the Wnt signaling pathways can reciprocally regulate their ligand production as part of several developmental processes.
14 It has also been demonstrated that the nuclear Smad-bC-Lef protein complex regulates a host of shared target genes in a synergistic manner. 15, 16 Therefore, identification of the upstream regulators of the Wnt and Bmp pathways is important in understanding the intracellular signals that regulate the proliferation and differentiation of myoblasts.
Forkhead box (Fox) proteins comprise a family of transcription factors that are involved in the regulation of cell growth, proliferation, differentiation and longevity. 17 Previous studies have shown that Fox protein-C2 (Foxc2), a member of the 'C' subfamily, plays a role in mesenchymal tissue differentiation. Foxc2 inhibits differentiation of white adipocytes and is required for proper bone formation during embryonic development and osteoblastogenesis in adult bone precursor cells. 18, 19 In this study, we investigate the role of Foxc2 in the proliferation and differentiation of muscle satellite cells, specifically the role of Foxc2 during muscle regeneration in response to injury. We present a novel mechanism where Foxc2 plays a role in maintaining the proliferative state of undifferentiated myoblasts by regulating Wnt4 signaling, which, in turn, induces Bmp4 and RhoA-GTP protein expression. We demonstrate that, similar to its downstream target Bmp4, overexpression of Foxc2 inhibits myogenesis and directs the commitment of C2C12 myoblasts and NIH3T3 fibroblasts toward osteogenesis. The expression of FOXC2 observed in areas of ectopic bone formation in samples from patients with myositis ossificans underscores the relevance of FOXC2 to human disease.
Results

Foxc2 is expressed in Pax7
þ /MyoD þ activated satellite cells during muscle regeneration and development. To investigate if Foxc2 is upregulated during muscle regeneration, we induced muscle damage by intramuscular injection of cardiotoxin (CTX) into the anterior tibialis and rectus femoris of 10-week-old mice. We analyzed the regenerating muscle for expression of BrdU, MyoD and Foxc2 at 4, 6 and 14 days post CTX injection (Figure 1a) . We detected high levels of BrdU and MyoD at day 4 ( Figure 1b) and diminished levels at days 6 and 14 (data not shown). At 4 days post CTX injection, Foxc2 expression was also detected in progenitor cells adjacent to the myofibers undergoing repair and (Figure 1b ). Based on these findings, we conclude that Foxc2 is only expressed early in muscle repair when satellite cell activation and proliferation occur. Fluorescence-activated cell sorting (FACS) analyses of the same tissues at day 4 showed a significant increase in BrdU þ / MyoD þ muscle cell populations in the CTX-injected mice compared with the PBS-injected mice (Figure 1c ). In the CTX-injected mice, Foxc2 expression levels were higher in (Figure 1c) . Analysis of the expression of the satellite cell markers paired box homeotic-7 (Pax7) and MyoD also showed increased numbers of Pax7 þ (quiescent satellite cells) and MyoD þ (myoblasts committed to differentiation) satellite cells in the CTX-injected mice compared with the PBS-injected mice (Figure 1d ). We detected higher levels of Foxc2 in the Pax7 (Figure 1d ). These results demonstrate that Foxc2 is upregulated in activated muscle satellite cells and support its role in muscle regeneration. Similarly, when we assessed Foxc2 levels in Pax7-and MyoD-labeled developing muscle of 12-day-old mice, we observed the highest levels of Foxc2 in cells that co-expressed Pax7 and MyoD (Supplementary Figure S1 ), suggesting that Foxc2 is predominantly expressed in activated satellite cells during postnatal muscle development.
Forced expression of FOXC2 in C2C12 cells inhibits myotube formation. To determine whether Foxc2 is only expressed in undifferentiated myoblasts, we analyzed the endogenous expression levels of Foxc2 in C2C12 mouse myoblasts at different time points during induced myogenic differentiation (Figure 2a ). Foxc2 was highly expressed in proliferating myoblasts and its expression diminished during myogenic differentiation (Figures 2b and c) . To establish if Foxc2 affects the differentiation of myoblasts into myotubes, we generated stable C2C12 cell lines that overexpressed human FOXC2 (designated C2C12-FOXC2 cells) or an empty vector (designated C2C12-EV cells) as a control. FOXC2 was continuously overexpressed during different stages of myogenic differentiation in C2C12-FOXC2 cells as shown by quantitative real-time PCR (qRT-PCR) using primers specific for human FOXC2 (Figure 2d ) and western blot analysis (Figure 2e ). Myogenic differentiation was evaluated by light microscopy at different time points. C2C12-FOXC2 cells failed to form myotubes (Figure 2f ), indicating that Foxc2 is involved in the suppression of myogenesis.
Next, we compared C2C12-EV to C2C12-FOXC2 cells' expression levels of myogenic markers known to regulate different stages of myogenesis. As expected in C2C12-EV cells, MyoD expression levels were high in undifferentiated To determine whether endogenous Foxc2 is important for proliferation of undifferentiated myoblasts, we generated C2C12 cell lines with stable Foxc2 knockdown (sh1 Foxc2 and sh2 Foxc2) or a scrambled shRNA control (Supplementary Figures S2A and B) . We found that downregulation of endogenous Foxc2 expression in C2C12 myoblasts results in a significant decrease in cell proliferation and cell-cycle progression ( Supplementary Figures S2C and D) . Downregulation of Foxc2 in C2C12 cells resulted in a delay in reaching 100% confluency, which is necessary for myogenic induction. When seeded at low confluency, sh1 Foxc2 and sh2 Foxc2 C2C12 cells required an additional 24 h of proliferation prior to myogenic induction in comparison with the scrambled cells (data not shown). However, when C2C12 myoblasts with downregulated Foxc2 were induced to undergo myogenic differentiation upon reaching 100% confluency, we found that downregulation of Foxc2 had no significant effect in the later stages of myogenic differentiation as evidenced by efficient myotube formation and expression of myogenin (data not shown), which is consistent with the observed suppression of Foxc2 expression in the later stages of myogenic differentiation (Figures 2b and c) . We conclude that FOXC2 affects cell-cycle exit and cell survival during myogenic induction and maintains cells in their proliferative state.
FOXC2 regulates the transcription of Wnt4, resulting in the activation of both canonical and non-canonical Wnt pathways. To identify the downstream targets of Foxc2 that are involved in preventing myogenesis, we performed expression profile analysis in C2C12-EV and C2C12-FOXC2 cells, and compared the differences in gene expression at different stages of differentiation (PM and D3) (Supplementary Table S1 ). Comparison of expression profiles showed significantly higher levels of Wnt4 expression in C2C12-FOXC2 than in C2C12-EV cells at the PM (Supplementary Table S1B ) and D0 (data not shown) time points. This finding was confirmed by qRT-PCR, which showed a significant upregulation of Wnt4 in C2C12-FOXC2 cells compared with C2C12-EV cells for all four time points analyzed (Figure 5a ). We identified a putative Foxc2 DNAbinding motif in an upstream promoter region of Wnt4. We were unable to determine whether endogenous mouse Foxc2 binds to the Wnt4 promoter region because our antimouse Foxc2 antibody was not effective in chromatin immunoprecipitation (ChIP). This could be due to the low level of Foxc2 expression at 24 h post myogenic induction. To determine whether ectopically expressed human FOXC2 associates with the Wnt4 promoter region, we performed ChIP-qPCR in C2C12-EV and C2C12-FOXC2 cells at D1 using antibodies against RNA polymerase-II (Pol-II) and human FOXC2. There was an enrichment of Pol-II and FOXC2 occupancy within the same Wnt4 promoter region in C2C12-FOXC2 cells compared with C2C12-EV cells (Figure 5b ). Upregulation of Wnt4 has been reported to affect the activation of both canonical Wnt/bC and noncanonical Wnt-planar cell polarity (PCP) signaling pathways. 20 To determine whether the canonical Wnt-bC pathway is activated by Foxc2, we analyzed myoblasts for TCF/LEF promoter activity using the TOPflash dual luciferase reporter assay at D1 and found a significant increase in TOPflash activity in C2C12-FOXC2 cells compared with C2C12-EV cells (Figure 5c ). FOPflash, which contains a mutation in the TCF/LEF promoter that prevents Previous studies have shown that Wnt-PCP signaling leads to Wnt-induced Dishevelled (Dvl)-Rho complex formation and activation of ras homolog family member-A (RhoA). 21 We observed higher RhoGTP levels in C2C12-FOXC2 cells than in C2C12-EV cells (Figure 5d ), suggesting that Wnt-PCP signaling may also be upregulated by FOXC2 in myogenic precursor cells. Previous studies have shown that downregulation of RhoGTP activity is required to initiate myogenesis in vitro. 22, 23 To determine whether suppression of RhoGTP activity in C2C12-FOXC2 cells rescues myotube formation, we transfected C2C12-EV and C2C12-FOXC2 cells with a dominant-negative RhoA fused with GFP (DN-RhoA T19N) and induced myogenic differentiation. We analyzed the cells for myotube formation 5 days post induction and observed a significant increase in myotube formation in C2C12-FOXC2 cells that were transfected with the dominantnegative RhoA compared those transfected with the vector alone (Figures 5e and f) . In addition, we found that C2C12-FOXC2 cells transfected with the dominant-negative RhoA had an increased expression of the myogenic differentiation marker myogenin compared with C2C12-FOXC2 cells transfected with the control GFP vector (Figure 5g) . We conclude that the elevated levels of RhoGTP due to FOXC2 expression are involved in preventing myogenic differentiation.
To determine whether Wnt4 acts downstream from Foxc2 in preventing myogenic differentiation, we stably knocked down Wnt4 in C2C12-EV and C2C12-FOXC2 cells using two lentiviral shRNAs (Wnt4 sh1 and Wnt4 sh2), with a scrambled shRNA (scr) as a control (Figure 6a ). C2C12-EV and C2C12-FOXC2 cells with scr, Wnt4 sh1 and Wnt4 sh2 were then induced to undergo myogenesis in vitro. We observed an increase in cell alignment for myotube formation in the C2C12-FOXC2 Wnt4 sh2 cells compared with the C2C12-FOXC2 scr cells (Figure 6b ). Partial myotube formation, similar to that observed in the C2C12-FOXC2 Wnt4 sh2 cells, was also observed in the C2C12-FOXC2 Wnt4 sh1 cells (data not shown). We then analyzed bC activity in C2C12-FOXC2 Wnt4-knockdown cells. We performed the TOPflash/FOPflash dual luciferase reporter assay to determine whether FOXC2-induced bC activity can be suppressed by knockdown of Wnt4 expression. We observed a significant decrease in TCF/LEF promoter activity in the C2C12-FOXC2 Wnt4-knockdown cells compared with the C2C12-FOXC2 scr (Figure 6c ). We also analyzed RhoGTP levels in the C2C12-EV scr, C2C12-FOXC2 scr and C2C12-FOXC2 Wnt4-knockdown cells, and observed a decrease in RhoGTP levels in the cell lines with Wnt4 knockdown (Figure 6d ). These results show that FOXC2 participates in regulating Wnt-bC signaling and RhoGTPase activity through upregulation of Wnt4 expression, which in turn inhibits myogenesis.
Forced expression of FOXC2 in C2C12 cells leads to osteogenic induction by upregulation of Bmp4. Histologic sections of muscle samples from patients diagnosed with myositis ossificans showed positive nuclear staining for FOXC2 in areas of ectopic bone formation (Figure 7a ), suggesting that upregulation of FOXC2 may play a role in ectopic bone development in patients with heterotopic ossification. A normal condition medium containing fetal bovine serum (FBS) is rich in growth factors and contains BMP4. Under these conditions, C2C12 myoblasts maintain their proliferative undifferentiated state and retain their capability to differentiate toward the myogenic lineage upon myogenic induction. However, with addition of high levels of exogenous BMP2 and continuous activation of BMPR-1A signaling, C2C12 myoblasts can be induced to differentiate toward the osteogenic lineage in vitro. 7 To determine whether continuous overexpression of FOXC2 enhances the transdifferentiation of C2C12 cells toward osteogenesis, we induced C2C12-EV and C2C12-FOXC2 cells to undergo osteoblast differentiation using recombinant BMP2. After 1, 2 and 5 days, we stained formalin-fixed cells for alkaline phosphatase (ALP), a marker of osteogenesis, and found that FOXC2 overexpression had dramatically enhanced osteogenesis. We observed positive ALP staining as early as 1 day post osteogenic induction in C2C12-FOXC2 cells (Figure 7b ). Osteogenic induction performed in NIH3T3 fibroblasts yielded similar results, with enhanced BMP2-induced ALP activity observed in NIH3T3-FOXC2 cells compared with NIH3T3-EV cells (Supplementary Figure S3) .
Interestingly, we observed moderate ALP staining at day 5 in C2C12-FOXC2 cells (Figure 7b ) and at day 14 in NIH3T3-FOXC2 cells (Supplementary Figure S3) even without addition of BMP2. Expression profile analysis of C2C12-FOXC2 cells relative to C2C12-EV cells also identified an upregulation of genes involved in bone formation in the absence of BMP2 (Supplementary Table S1 ). Using qRT-PCR, we confirmed that there was an increase in the mRNA levels of the osteogenic markers Runt-related transcription factor-2 (Runx2), Osterix and osteocalcin in C2C12-FOXC2 cells compared with C2C12-EV cells (Figure 7c ), indicating that FOXC2 may direct C2C12 myoblasts toward osteogenic differentiation by elevating endogenous expression of BMPs. Indeed, expression profile analysis of proliferating myoblasts detected an upregulation of Bmp4 in C2C12-FOXC2 cells compared with C2C12-EV cells (Supplementary Table S1B ). These results were confirmed by qRT-PCR and western blot analysis of Bmp4 mRNA and secreted Bmp4 protein, respectively (Figures 7d and e) . Bmp4 has been shown to activate Bmpr1a, which leads to phosphorylation of Smad1/ 5. 24 Indeed, increased phosphorylation of Smad1/5 was detected in C2C12-FOXC2 cells compared with C2C12-EV cells (Figure 7f ). In the presence of a neutralizing antibody against Bmp4 or in the presence of the Bmp4 antagonist Noggin, we observed decreased Smad1/5 phosphorylation in C2C12-FOXC2 cells compared with cells without Bmp4 inhibitors (Figure 7f ). To determine whether inhibition of Bmp4 signaling in C2C12-FOXC2 cells can rescue myotube formation, we induced myogenesis in C2C12-EV and C2C12-FOXC2 cells in the presence or absence of Noggin, and assessed myotube formation by bright-field microscopy and fluorescence microscopy. We observed partial rescue of myotube formation in C2C12-FOXC2 cells in the presence of Noggin (Figure 7g) . Collectively, these results show that forced expression of FOXC2 in C2C12 cells results in upregulation of Bmp4, which can re-direct the differentiation of C2C12 myoblasts from myogenesis toward osteogenesis. We additionally show that in undifferentiated C2C12 myoblasts, a decrease in endogenous Foxc2 levels results in a decrease in Bmp4 mRNA expression (Supplementary Figure  S2E) , suggesting that moderate levels of Bmp4 may be important for the maintenance of the proliferative state of undifferentiated myoblasts. We then asked if the upregulation of Bmp4 in C2C12-FOXC2 cells was downstream from elevated Wnt4 signaling. The Wnt4 knockdown resulted in a significant decrease in Bmp4 expression at both the mRNA and protein levels (Figures 7h and i) . We conclude that FOXC2-induced Wnt4 signaling produces elevated levels of RhoGTP and Bmp4, which results in osteogenic differentiation in C2C12 cells.
Discussion
Muscle regeneration is a complex process that requires tight regulation and coordination of several signaling molecules. [25] [26] [27] Genes involved in muscle satellite cell proliferation and muscle differentiation are tightly regulated and expressed at specific time points during the regenerative process. 28 Although it is known that activation of the transcription factors Smad and Tcf through the Bmp (Smad) and Wnt (Tcf) signaling pathways is essential during the temporal switch from satellite cell proliferation to differentiation in muscle tissue, 29 the molecular mechanism that regulates and coordinates these pathways during muscle regeneration is poorly understood. In this study, we identified a novel mechanism whereby Foxc2 plays a role in enhancing myoblast proliferation and preventing myogenic differentiation by regulating both the Wnt and Bmp signaling pathways. We show that during adult muscle regeneration, Foxc2 is expressed in Pax7 þ /MyoD þ activated muscle satellite cells, which are thought to be multipotent and the source of myonuclei in regenerating muscle. We found that ectopically expressed FOXC2 interacts with the upstream promoter region of Wnt4 and that this interaction induces Wnt4 expression, resulting in increased Wnt/bC signaling and elevated RhoGTP levels. We demonstrated that knockdown of Wnt4 in C2C12-FOXC2 cells results in downregulation of Wnt/bC signaling, RhoGTP levels and Bmp4 expression. Both Wnt and Bmp signaling have been reported to act synergistically in regulating cell-specific programs during differentiation and regeneration. 30, 31 It was shown that Wnts and BMPs can cooperatively induce early osteoblast differentiation in C2C12 cells in a GSK3b-dependent manner, 32 and that constitutive activation of RhoA in human mesenchymal stem cells can induce osteogenesis in vitro. 33 However, it has not been determined whether upregulation of both Wnt and Bmp signaling produces an additive induction of RhoGTP expression. We were unable to determine whether downregulation of Bmp4 signaling alone had any effect on the enhanced RhoGTP expression in C2C12-FOXC2 cells. While it is possible that induction of osteoblast differentiation is the result of a synergistic upregulation of RhoA-GTP levels by both Wnt and Bmp signaling, further studies are needed to determine if this is the case.
Bmp4 has been shown to play a role in muscle satellite cell proliferation and survival. 7 Although expression of Bmp4 prevents premature myogenesis, continuous expression of Bmp4 in mesenchymal cells primed to undergo differentiation was shown to induce osteogenesis or chondrogenesis. 31, 34 FOXC2-induced Bmp4 expression altered the commitment of these myogenic precursor cells toward osteogenesis as demonstrated by an increase in ALP staining and upregulation of osteogenic markers. Several groups have reported that downregulation of Bmp signaling is important in regulating the expansion of muscle precursor cells and in preventing myogenic differentiation. 7, 10, 35 Consistent with these reports, we show that the presence of the Bmp4 antagonist Noggin results in partial rescue of myotube fusion in C2C12-FOXC2 cells. Dysregulation of Bmp4 signaling and/or its receptor has been implicated in heterotopic ossification and myositis ossificans, 36, 37 and several studies have suggested that Bmp4 plays a key role in the development of these diseases. 36, 38, 39 Heterotopic ossification was recapitulated in an animal model by inducing muscle damage that resulted in the recruitment and activation of immune cells, endothelial cells and mesenchymal progenitors, and an increase in myoblasts in muscle tissue. Activated Bmp signaling initiated endochondral ossification at the site of muscle injury. 40 Although it is still unclear if FOXC2 plays a role in the development of conditions such as heterotopic ossification, we show that FOXC2 is expressed in areas of ectopic bone development in muscle biopsies from patients diagnosed with myositis ossificans.
In conclusion, we propose that the transcription factor Foxc2 plays a role in maintaining the balance between the proliferative and undifferentiated state of myogenic precursor cells. Foxc2 acts as a modulator of both the Wnt and Bmp signaling pathways (Figure 8 ). To our knowledge, this is the first demonstration of the expression and function of Foxc2 in muscle satellite cells. Further characterization of Foxc2 regulation will help elucidate the mechanisms involved in cell fate determination during muscle regeneration and provide greater insight into the pathology of heterotopic ossification.
Materials and Methods
Cell lines. Mouse C2C12 myoblasts and NIH3T3 fibroblasts were obtained from American Type Culture Collection (ATCC, Manassas, VA, USA). Proliferating undifferentiated myoblasts were maintained at subconfluent density in high-serum growth medium (DMEM, 15% FBS and 1% penicillin/streptomycin (PS)). NIH3T3 fibroblasts were maintained in standard growth medium (DMEM, 10% FBS and 1% PS).
Retroviral infection. The retroviral vectors pWZL-blast and pWZL-FOXC2 (provided by Mani Sendurai) were transfected into LinXA cells seeded in a six-well plate at 4 Â 10 5 cells/well using Lipofectamine 2000 (Invitrogen, Grand Island, NY, USA). After 72 h, the viral supernatant was harvested into a 50-ml conical tube using a 0.45-mm filter syringe. Approximately 250 ml of the viral supernatant was used to transduce C2C12 cells that had been seeded the previous day at 3 Â 10 4 cells/well in a six-well plate. High-serum growth medium with 8 mg/ml polybrene (Millipore, Billerca, MA, USA) was added to the C2C12 cells prior to viral infection. After 24 h, 10 mg/ml blasticidin (Invivogen, San Diego, CA, USA) was added for the next 48 h to select a polyclonal population of blasticidin-resistant cells.
Wnt4 and Foxc2 knockdown using shRNA. pLKO.1-Wnt4 sh1 and sh2, pLKO.1-Foxc2 sh1 and sh2, and pLKO.1 scrambled shRNA plasmids (Sigma, St. Louis, MO, USA) were co-transfected with the delta 8.9 packaging plasmid and the envelope plasmid VSVG into Lenti-X 293T cells using Lipofectamine 2000 (Invitrogen). The harvesting procedure was identical to that used for the production of retroviruses. The viral supernatant was used for infection of cells with 8 mg/ml polybrene. The cells were infected overnight and polyclonal populations of stable infectants were selected for 48 h using 5 mg/ml puromycin.
Induction of myogenesis and osteogenesis. Myoblasts were maintained in high-serum growth medium (DMEM, 15% FBS and 1% PS) at less than 75% confluency. To induce differentiation, the cells were grown to 100% confluency and incubated in a differentiation medium (DMEM, 2% FBS and 1% PS). They were observed for morphological changes up to 7 days post myogenic induction. To inhibit Bmp signaling and induce myoblast fusion in C2C12-FOXC2 cells, 0.2 mg/ml human recombinant Noggin (R&D Systems, Minneapolis, MN, USA) was added to the myogenic induction medium. Osteogenic induction of C2C12-EV and C2C12-FOXC2 cells was performed as described previously. 41 Cells were plated at a density of 2 Â 10 4 cells/cm 2 . After 24 h, the medium was replaced with DMEM containing 5% FBS and 300 ng/ml human recombinant BMP2 (GenWay Biotech, San Diego, CA, USA) for the remainder of the experiment. After 5 days, osteoblast differentiation was analyzed by ALP staining (Sigma) using the protocol provided by the manufacturer.
Quantitative real-time PCR. RNA was isolated from cells at several time points during differentiation using the RNeasy kit (Qiagen, Valencia, CA, USA). For qRT-PCR, 50 ng of cDNA was mixed with the appropriate primers and the iQSYBR-Green Supermix (Bio-Rad, Hercules, CA, USA) in a 96-well plate format. The qRT-PCR reaction was performed using an iCycler optical module and a thermocycler (Bio-Rad). Samples were run in triplicates and normalized to GAPDH or 18S ribosomal RNA. The primer sequences used to detect myogenic and osteogenic markers are listed in Supplementary Table S2 .
Western blot analysis. Whole-cell lysates were prepared using RIPA buffer (Sigma) containing a protease inhibitor cocktail (Roche, Indianapolis, IN, USA) and a phosphatase inhibitor cocktail (Roche). Proteins (50 mg) were separated using 4-20% gradient Tris-HCl gel (Bio-Rad); transferred onto a nitrocellulose membrane (Bio-Rad); and probed for anti-human or anti-mouse FOXC2 antibody (N. Muira), and the myogenic markers MyoD, myogenin and myosin heavy chain (Santa Cruz Biotechnology, Santa Cruz, CA, USA). To detect the expression of secreted proteins, 8 Â 10 4 cells were seeded in a 10-cm 2 dish and allowed to grow to 100% confluency. The cells were washed with PBS and incubated overnight in DMEM without serum. The following day, 10 ml of medium was harvested from C2C12-EV and C2C12-FOXC2 cells, and concentrated to 200 ml using 15-ml centrifugal filters for collection of proteins larger than 10 kDa (Millipore). Mouse monoclonal antibodies against Bmp4 (Millipore) and rabbit anti-Wnt4 (Santa Cruz Biotechnology) were used to detect the levels of the secreted proteins. Western blots were scanned and analyzed using the Li-Cor Odyssey infrared imaging system.
Immunofluorescence staining. Myoblasts were seeded at 3 Â 10 4 cells/ well in a six-well plate containing 12 Â 12-mm microscope coverslips. Proliferating cells were rinsed with PBS and fixed with 3% paraformaldehyde. The fixed cells were incubated with 0.1% Triton X-100 (Sigma) in PBS and stained for FOXC2 (N. Miura), and the muscle satellite cell markers Pax7 (Abcam, Cambridge, MA, USA), MyoD (Santa Cruz Biotechnology) and myogenin (Santa Cruz Biotechnology).
TOPflash and FOPflash dual luciferase assay. C2C12-EV and C2C12-FOXC2 cells were seeded in a six-well dish at 3 Â 10 4 cells/well with growth medium (DMEM, 10% FBS and 1% PS). After 24 h, the cells were transfected with a luciferase reporter plasmid regulated by the TCF/LEF promoter TOPflash (Addgene plasmid 12456) or the mutated version of the promoter Figure 8 Proposed model for FOXC2 regulation of myoblast proliferation and osteogenic differentiation via upregulation of the Wnt and Bmp signaling pathways. FOXC2 is present in mesenchymal progenitor cells, but its expression diminishes during myogenic differentiation. Forced continuous expression of FOXC2 in C2C12 myoblasts promotes the binding of FOXC2 to the promoter region of Wnt4, which in turn leads to upregulation of Wnt4 expression and activation of canonical (bC) and non-canonical (RhoA) Wnt signaling, as well as increased levels of RhoGTP and Bmp4. Failure to downregulate FOXC2 in muscle progenitors inhibits myogenesis and induces osteogenesis
